
l , MICROWAVE RADIATION

w •

N 69

The radiofrequency portion of the electromagnetic spectrum is subdivided

into wave bands according to the schematic noted in Table l-l. The term

Table 1-I

Wave Band Division and Designation
in the Radiofrequency Spectrum

Nave Band

Radiofrequency Bands

Frequency Wavelength

VLF <30 kHz > 10 km

LF 30-300 kHz 10-1 km

MF 300-3,000 kHz 1-0. 1 km

HF 3-30 MHz 100-10 m

VHF 30-300 MHz 10-1 m

UHF 300-3,000 MHz I-0. I m

SHF 3-30 GHz 10-1 cm

EHF 30-300 GHz I0-I mm

Radar Frequency Bands

Radar Band Frequency Wavelength

P 225-390 MHz 133. 3 = 76.9 cm

L 390-1550 MHz 76.9 - 19.3 cm

S I. 55 - 5.2 GHz 19.3 - 5.77 crn

X 5.2 - I0.9 GHz 5.77 - 2.75 crn

K I0.9 - 36GHz Z. 75 - 0.834 crn

O 36 - 46 GHz 8.34 - 6. 52 mm

V 46 - 56 GHz 6. 52 - 5. 36 mm
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microwaves will be taken to include electromagnetic energy with wavelengths

in the range of 1-300 cm or wave frequencies between 30,000 and 100 mega-

hertz (MHz). Millimeter and submillimeter waves are currently being ex-

plored for use in space communications (14 , 33 ). Basic data on the engin-

eering aspects of microwave hazards with methods for calculating power and

energy factors are available ( 20 , 79 , 80 ).

Absorption and Penetration

The absorption coefficient (_) of microwaves in tissue is defined by the

exponential relationship

I=I e -_/d
o

giving the attenuation of intensity from I to I which a plane wave suffers as

it propagates through a layer of thicknes ° d. The inverse of_/ or depth of

penetration, D, is the distance covered by the radiant form of energy until

its intensity is reduced to 1/e = 0. 37, its original value. In the microwave
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case, both _ and D are determined by the electrical and magnetic char,_,_r-

istics of the propagating matter. Biologic materials have no magnetic losses

and their magnetic permeability is for all practical purposes identical with

that of free space.

The heat (H) developed per unit volume is obtained from the derivative

of this equation:

H = _I (1)

Hence, from a knowledge of U, it is possible to determlne the distribution of

heat sources. The absorption coefficient and, therefore, depth of penetratlon

in tissue appears to be an inverse function of the wavelength and follows the

equation:

z - 1u = --c-- 2¢ i (2)

• r • .

• _ . .
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where (k = wavelength in air in cm, e = dielectric constant, D = I/K = specific

reslstance in Ohm-cm ( 60 , 61 ). Hence ¢ and 14 are found to be the essen-

tial material constants which determine the development of heat in tlssue. In

the case of several different layers of material the simple equations are sub-

ject to corrections which take into account that waves are in part reflected at

each interface separating different tissues. The principles which determine

the electrical properties of tissues and cell suspenslons have been outlined

and empirical data have been analyzed and well summarized (12 , 59 , 61 ,

65).

The dielectric constants and specific reslstances of different tissues are

known and can be used to calculate penetration depths (I0 , 21 , 27 , 62 ,

66 ). The data are summarized in Table i-2. Both dielectric constant and

conductivity are temperature dependent• However, the temperature depen-

dence of the conductance is much more pronounced than that of the dielectric

constant. In the band of 50-100 MHz, the value of I00 Ae /o C for most tissues
c

I. 3 and the 100-_-/°C,_- from -4.9 to -1.3.ranges only Irom _ 0 _ 4 to

The depth of penetration of microwaves in tissue has been determined.

Figure i-3 represents the frequency dependence of penetration. Tissue with

a low water content is penetrated by the radiation to a considerably larger

extent than tissue with high water content such as muscle. In each case, the

depth of penetration decreases rapidly with increasing frequency. For exam-

ple, the wavelength of 2500 MHz provides a depth of penetration of about 9

mm in muscle. For a frequency of about 900 MHz, the depth of penetration

is double that attained with Z500 MHz. The comparatively high depth of pene-

tration in fatty tissue seems to indicate an ability of the waves to penetrate

the subcutaneous fat without major energy loss and thereby to become avail-

able for heat transfer in the deep tissues. This would only be true if all the

energy which reaches the muscular and other deep tissues would be absorbed

by them. Partial reflection of electromagnetic waves will occur at the inter-

I-2
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Table 1-2

Dielectric Constant and Specific Resistance of Body Tissues at 37°C

(After Schwan (61))

I FREQUENCY IN MHz

25 50 IOO I 2OG 400 I ?OO IOOO 3000 BS00

Dicieclnccongance

Mulele

Heart mu_le

Liver

Spleelo

Kidney

Lung

Ski_

Brain

Fat

Bone .,arrow

103-115

136-138

200

200

160

_-97 71-76 56 I 52-_4 52--$3

88-93 76-79 60-'-,$6 44-,51 42-,51

135-140 100-101

119-132 87-92 62 63-,$,5

35 36 34

783 46-48
110-114 ] 8 J
11-13 4.5-7.5 4-7

6,8-7.7

49-52 4.'%48 40-42

46-47 42-43 34-38

43-45 40-45 36

5.3-7._ 3.9-7.2 3.5-4.5

4.3-7.a 4.2-5.8 4.4-6.4

ST_iJic resistance #

113-147Muscle

tleart muscle

Li,er 185 210 173-195 ' 154-179

_pleen I 128-151

Kidney 90-145

Lung [ 260-450 I
Skin 120-140

Brain 220 190-210 180-195

Fat 1700-2500;

Bone :narrow 2800-50_,,

95-105 ] 85-90 73-79 75-79 43-46 12
95-115 I, 8.5-100 78-95

[10-150 105-130 85-115 98-106 49-50 [5-17

90 85 76-77

160 ] 140 130

J110-130 90-110 37-,50 14

[050-3500[ 900-2800, 670-12{X} I 440-9{)0 240-370

I lI000-23_)' 445-860 210-600

I00
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Figure 1-3

Depth of Penetration d of yplc_l i-issue= _ ,r-unction of Frequency.
Average Fat Data Have Been Chosen, Not Reflecting Variability of d
with Water Content.

(Adapted From Schwan (60, 67)}
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face separating different media. The relative amount of the total energy,

which will be reflected, is determined by the dielectric constants and specific

resistance values of the different media (61 I.

A large part of the total energy which penetrates through subcutaneous

fat and reaches the muscular tissue is reflected. The reflected waves super-

impose with the incident waves to form a standing wave pattern. Typical

patterns of the resultant distribution of heat sources are given in Figure I-4,

for various frequencies. They illustrate the pronounced effect due to the

processes of partial reflection at fat muscle boundaries.
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Figure 1-4

Distribution of Heat Sources in Subcutaneous Fat and Muscle. The Data
Demonstrate How the Distribution of Heat Sources Changes with Frequency.

All Frequencies Are Given in MHz.

(After Schwan (61))

Because'of the complex reflections which would result, it appears Im-

possible to construct a dosimeter which measures reproducibly the local

absorbed energy. Biological effects must therefore be correlated with

'_distant field" power density measured in watts/cm 2.

The relative distribution of heat sources, as pictured in the fat-muscle

complex, is not affected by the presence of the skin layer. However, at the

boundary separating skin and subcutaneous fat an additional pronounced re-

flection results, reducing the total amount of energy delivered into the fat-

muscle complex.
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Thermal Factors in Microwave Absorption

The total distribution of heat sources in the skin-subcutaneous-fat-

muscle comple:_ and by summation, total heat outputs in skin, fat and muscle

have been determined ( 62, 66 ). Under the simplifying assumption that the

radiation strikes at a right angle to the surface of the body, Figures i-5 and

I-6 represent absorption data for various skin thicknesses and amounts of

subcutaneous fat at various frequencies. The figures illustrate that at fre-

quencies lower than i000 MHz, most of the energy reaches the deeply

i-4
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Figure 1-5

Percentage of Air-Borne Microwave Power
Absorbed by the Body as a Function of

Thickness d F of Subcutaneous Fat Layer
and a s of Skin. All d Values are in cm.

(After Schwan (60))

: : /k,: '

I

4O0MHz 900MHz 3OOOMHz IO O00 MH=

50_ U l

o!: o, ..

50_- M

0

O0 I 2 3 O(_ I 2 3

50

0

s !
50

0 0_3

Figure 1-6

Heat Development in Skin (S), Subcutaneous Fat (F) and Deeper Situated Tissues (M) Are Given
in Per Cent of Total Energy Absorbed by the Body as Function of Thickness of Subcutaneous
Fat in cm. The Upper Row of Graphs Holds for a Skin Thickness K = 0, the Middle Row for
K = 0.2 cm and the Lower One for K = 0.4 cm. The Solid Curves Pertain to Fat with High
Water Content and the Dashed Curves to Dryer Fat. The Shaded Areas Emphasize the Heat
Developed in Fat in the Wet Case. For Any Particular Combination of Values of Frequency,
Thickness of Skin and Fat, the Sum of All Heat Contributions Developed in the Three Layers
is 100 Per Cent in This Presentation.

(After Schwan and Li (62))
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situated tissues and that for frequencies above 3000 MHz most of the radiant

energy is absorbed in the skin. Between i000 and 3000 MHz, transition from

deep heating to surface heating takes place. At frequencies well below 1000

MHz and at high frequencies above 3000 MHz, the percentage of absorbed

energy is nearly independent of skin and subcutaneous thickness and is about

40°71'0of the airborne energy. In the range from I000 to 3000 MHz, 20 to 100_0

of the airborne energy may be absorbed by the body depending on the thickness

of skin and subcutaneous fat. The complexity of the situation prevailing in the

I000-3000 MHz band reflects the fact that in the mentioned frequency range,

both skin and fatty tissue layers of the exposed body can act as a tuning ele-

ment to 'match" or grossly "mismatch" impedances of various tissue com-
binations and air.

The specific temperature attained at any depth is a function of the per-

cent of energy absorbed, the specific weight and heat of the tissue and the

heat exchange with blood and other tissue. The complexity of these inter-

actions precludes a rigid analysis from first prlnciples of local deep body

temperatures attained under specific conditions of wavelengths, power density,

and time. It is estimated from theoretical models that strong differences,

which characterize the temperature elevations for various frequencies in the

beglnrLlng of the application of the microwave energy, disappear in time (ll).

The spatial temperature distribution changes but little with time for all fre-

quencies in excess of 3000 MHz. This reflects the fact that depth of pene-
tration becomes so small above 3000 MHz that heat conduction rather than

true penetration of radiant energy determines deep tissue temperature to a

great extent. Radiation of such high frequency that heat tends to be developed

at the body surface, is much less apt to cause intolerable elevation of total

body temperature than radiation of lower frequencles. Presence of thermal

receptors in the skin, however, increase the sensitivity of this part of the

body to heat loads. Presently available knowledge makes it difficult to state

how much more heat generated at the body surface is tolerable than heat

generated in the deep tissues. A more differentiated dosage statement must

wait, therefore, until more research has been done concerning this aspect of

heat physiology.

Data are available on thermal effects of electro-magnetic fields below

100 MHz ( 61 ). These fields have been used in ultra-short wave diathermy.

Microthermal Effects

Since membranes which surround body cells have little effect on elec-

trical properties of tissues at frequencies above 300 MHz, electromagnetic

waves and fields proceed without being affected by the cell membranes (61).

Hence, the cell interior and exterior are exposed to the same electric field

and since their electrical characteristics are found to be fairly similar, are

warmed up to nearly the same extent. As a consequence, electromagnetic

waves cause rather uniform "volume" heating, not only on a macroscopic,

but also on a microscopic level. This volume heating is probably due

entirely to the movement of ions of the tissue electrolytes with the electrical
field.

!Ii !iii/ • •
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The similarity of the electrical properties of the cell interior and exter-

ior, which is observed at ultra-high frequencies, leaves little room for speci-

fic actions of electrical fields on the individual cells, unless it is considered

possible that certain molecular components respond selectively to the elec-
trical field and that these a_e responsible for detectable reactions. Even

more definitely can one excluue the possibility of a specific thermal effect on

a microscoplc level (56, 57). Such specific thermal heating is impossible

even if vastly different dielectric properties of cells and surrounding medium

are assumed. For the nearly identical values which hold in the frequency

range of interest here, it is even more impossible. This follows from a nu-

merical discussion incorporating dielectric data for cytoplasm and membranes

of cells utilizing formulas already published (30, 64). It is still considered

by some that low intensity effects of microwaves may be based on microther-

real reactions (46). However, selective heating on a macroscopic level, due

to differences in the electrical properties of various tissues may be antici-

pated as seen in Figures ]-2 and I-3. Specific irradiation of the skull with

heating of the brain may be more critical than other body sites (29, 40).
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Nonthermal Effects

The possibility of nonthermal effects has been the subject of much inter-

est. However, a review of the literature, which claims the exlstence of such

effects, fails to be quantitatively convlnclng (61). This by no means excludes

the possibility of nonthermal effects. More research, especially conducted

from a more quantitative point of view, is needed to clarify this point. The

only example of nonthermal effects which has been the subject of much de-

tailed analysis is the tendency of mlcroscopic particles to become rearranged

under the influence of electrical fields and form chains of particles in the

field direction. This pearl-chaineffect was first reported in emulsions of fat

particles exposed to high frequency fields (41]. A more complete treatment

of this and related phenomena has recently been given, but no specific bio-

logical effects can be deduced (55, 63, 70). Other nonthermal effects on pro-

teins, enzymes, water, nervous tissue, etc., quoted in the Soviet and

American literature are biologically interesting but have never been clearly

shown to be related to specific symptoms and signs in man (2, 3, 5, 6, 17,

18, 23, 24, 36, 43, 50, 52, 69, 70, 74, 78).

r_

Microwave Effects on Animals

Because of the early recognition of microwave hazards and control of

exposure situations, few data are available on the accidental exposure of
humans to excessive levels of microwaves.

Many animal studies with microwaves have been limited to small fur bear-

ing creatures with high coefficients of heat absorption, small body surface,

and relatively poor heat regulating systems compared to humans. The whole

body of the animal is usually immersed in the beam. However, studies have

been made of dogs, monkeys,and sheep. Unfortunately, the many factors

which influence the response of animals, such as frequency or wavelength,
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time (period of exposure), irradiation cycle rate, air current, envlronmental

temperature, position of the animal in influencing resonant conditions and

standing waves, effect of reflections, difference in the sensitivity of organs

and tissues, use of anesthesia or tranquilizer drugs, and, last but not least,

the type of animal, make comparisons very difficult. The effects can be

summarized as total body, ocular, and testicular.

Total Body Effects

The magnitude of the rise in body temperature depends upon the degree

of imbalance between heat production and heat loss. If the rise of tempera-

ture is excessive, the damage produced is indistinguishable from that due to

fever of any origin. (See Thermal Environment, No. 6). During the rise in

temperature, reactions indicative of a nonspecific pituitary-adrenal response

to stress occur, including a sharp decrease in eosinophils and lymphocytes,

and a rise in leu_kocytes (19, 29, 37, 42, 43, 45, 69). Severe hyperpyrexia

carried to the point of death results in diffuse degenerative lesions through-

out the body, including renal tubular degeneration, myocardial degeneration

and necrosis, hemorrhagic lesions in the gut, respiratory tract, liver, and

brain. Fatally exposed animals develop acidosis, hyperpnea, and tetany, and

finally die of respiratory arrest (31). (See Figure i-7).

Nervous System

Exposure of animals to microwaves of low intensity, which do not pro-

duce any appreciable thermal effect (<10mW/cm Z) lead to functional changes

according to some l_ussian workers (15, 23, 25, 35, 36, 46). Such changes

take place mainly in the nervous and cardiovascular systems (change in

excitation and inhibition relationships in cerebral cortex, change in rhythm

of cardiac activity, etc.). Possible neuro-endocrine response such as in-

creased thyroid activity has also been found in dogs (43). These changes

were observed both with chronic and with single exposures and have been

termed as nonthermal, specific effects of microwaves (23). The varied

effects of microwaves on animal behavior have been recently reviewed (75).
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Eye

Localized microwave radiation at certain frequencies, either continuous

or pulsed, causes a rise in intraocular temperature and the formation of

opacities in the lens (5, 9, 19, 34, 53, 61, 68, 82, 83). Over the several

wavelengths studied, from 400-3000 MHz, the threshold for damage after

exposure of more than about 20 minutes was in the range of 100-200 mW/cm 2.

For less than about 20 minutes, the damage threshold increases.(See Figure

I-7). In the frequency range of 5400 to 5500 MHz, a power density of about

800 mW/cm 2 for 20 minutes causes lenticular changes in the eyes of 50 per-

cent of exposed rabbits (83). At subthreshold power levels, there is still

some question regarding the cumulative effects on the lens (5, 68). Differ-

ences in patterns of peak pulse levels and off time between pulses may be

critical factors.

I-8



Testis

The characteristic lesion found in the testis is a degeneration of the

epithelium lining the seminiferous tubules, and a sharp reduction in the num-

ber of maturing spermatocytes in the lumen. There is patchy irregular dis-

trzbution of damage within the testis, adjacent tubules often showing markedly

different degrees of degeneration. The damage is almost certainly reversible

except in severe cases (19, 31). A very conservative threshold for testicular

damage in the dog exposed to 3000 MHz microwaves under tranquilizer seda-

tion for several hours is around 5mW/cm 2 (19).

Figure I-7 summarizes threshold curves in the dog for 3000 MHz micro-

waves of relatively high absorptivity. These curves separate dose rate levels

which do no damage from those which are dangerous. For prolonged expos-

ure, these threshold levels are independent of exposure time, while for short

exposure, the response is a function of dose and time making it dose-rate

dependent. Different curves pertain to the three specific effects because

different levels of critical temperature elevation must be considered. For

example, for continuous exposure, cataracts result if the eye temperature

reaches at !east 45oc, but much lower temperature elevations in excess of

l°C are considered intolerable from the point of view of testicular damage,

even though not necessarily fatal. These represent animal data most perti-

nent to man.

I000

I00

1

Im./cm z)

EYE

WHOLE BODY
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Imln, lhr I oy

i i i llllll i i , I,,HI , I I IIHII I i i iiiii_ i i i illli_

I ioo I01 I0 ! I0 s 104 IO s
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Figure 1-7

Threshold Field Intensities as a Function of Time of Exposure to 3000 MHz
Microwaves (10 cm) for Three Sensitive Structures in the Dog.

(After Ely and Goldman (19))
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Microwave Effects in Humans

Knowledge regarding human exposures to radar has been on a retrospec-

tive basis. In the U.S.A., a large group of radar-exposed employees, along

with a control group, were put under a four-year surveillance program (4).

During this period, they underwent repeated physical and eye examinations.
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Detailed hematological and other laboratory investigations were carried out. _ o 4 _ ,

The examinations failed to detect any significant changes in the physical in- !i_ : _ _
ventories of the subjects. The incidence of death and chronic disease, sick

leave and subject complaints was comparable in both groups. A high per-

centage of eye pathology was identified, but none with causal relation to the

hyperthermia produced by microwave absorption. Fertility studies revealed

essentially the same findings for both groups. Laboratory studies and chest

x-rays were noncontributory with respect to radar exposures.

Only a small percentage of the exposed subjects had been aware of the

heat or other subjective warning phenomena (4). Neither these tests nor

subjective complaints are considered reliable indices of exposure. The sen-

sation of heat or vibration may accompany overexposure to radar in some

cases (4). Only 17% of subjects experienced a heat sensation when in close

proximity to"X" band radar; 6% were aware of buzzing or pulsating sensation

when in an"S" band field. Less than l_0 experienced other sensations, such

as sparking between dental fillings and metallic tastes. The buzzing sensa-

tions which tend to peak at the 600-1500 MHz region have received recent

study (7, 22). Occasionally, epigastric distress and/or nausea may occur at

power densities as io_ as 5-i0 mV_/cm 2, and are most commonly associated

within the frequency range from 8 x i03 to 12 x 103 MHz (80). A feeling of

warmth may be experienced when the heating effect occurs mainly on the skin.

This phenomenon is most commonly associated within the frequency range
from 8 x 103 to 26 x 103 MHz (80).

An eye survey of a large group of microwave workers - both civil and

military - has been concluded (85). Barring an occasional case of cataract

in workers accidentally exposed to high microwave flux, the overall eye

findings in workers and an equally large control group were clinically insigni-

ficant. The extent of minor lenticular imperfection does not serve as a

clinically useful indicator of cumulative exposure to microwave radiation.

No relationship between lens imperfection and microwave cataract was found.

In other surveys and reports of isolated cases, quantitation of power densities

was inadequate to set a definite microwave threshold for cataract formation in

humans (8, 28). Recently, 26 cases of lenticular changes were found in micro-

wave workers having a high probability of exposure to more than 10 mW/cm 2.

One of these cases has progressed to cataract and loss of vision (84). These

new cases suggest to the investigator that "the threshold for human cataracto-

genesis may approximate i00 Mev/crn 2 instead of the previously accepted

state-of-the-art value lying between 350 and 500 mW/cm , but no statistical

evidence is presented. In the Soviet Union, several cataract surveys have

been reported (17, 38, 71). Some cataracts having a tendency to progress

have been observed among microwave workers but no threshold data are

available (17).

Many poorly defined symptoms have been attributed to microwaves. The

Soviet observers have conducted a series of examinations on their radar

workers and control groups (15, 16, 17, 18, 32, 35, 46). Unfortunately,

quantification of exposure levels has been poorly defined. Chronic irradia-

tion under industrial conditions produces extremely polymorphic changes in

the state of the human organism, causing functional changes in various organs
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and systems. The degree of their manifestation and the presence of charac-

teristic symptoms are determined by the intensity and duration of the micro-

wave influence as well as by peculiarities of the exposed individual. The

clinical syndro:-ne is basically characterized by the presence of asthenia and

vegetative reactions. The asthenic reactions such as headache, increased

fatigability, increased irritability and sleepiness are not usually sharply

pronounced, and have no distinguishing features. Similar observations have
been made in a number of laboratories in the U.S.A. and United Kingdom (69).

Cardiovascular changes such as arterial hypotension and hypertension (39),

bradycardia, sinus arrhythmia, lengthening of the conduction time in the

heart, reduction of the amplitude of the spikes of ECC are noted. The asthenic

and vegetatlve reactions mentioned above are entirely reversible. Intensifi-

cation of the activity of thyroid tissue was detected in almost all the workers

investigated by one Soviet author {17). In some surveys, a small increase in

volume of the thyroid gland was noted; however, in all surveys, clinical

symptoms of hyperfunction were detected only in isolated cases (17, 35, 72).

Exposure of Soviet medical personnel to 170-i000 mW/cm 2 of i. 6 to 2450

Ml-lz aiathermy devices has led to symptoms such as headache, irritability,

znsomnia, chest pain, hand tremor, etc. (73). The significance of these

Soviet findings above and below i0 mW/crn Z is not clear and their use in

establishment of threshold or allowable microwave exposure levels is open to

serious question. There is a lack of information on the measurement of

actual exposure levels.

Data are available pertainlng to irradiation of restricted parts of the

human body as performed, for example, in clinical practice (ll, 26). At a

frequency of 2500 MHz and power input of I00 watts over an area of 100 cm 2,

the initial rapid temperature rlse of about l°C per minute lasts only for a few

minutes in the deep tissues under this area. In vascular tissues such as

muscle, the temperature peak occurs at about 20 minutes and then decreases

again'to a value between initial body temperature and peak temperature,

reflecting the effect of more efficient cooling of the irradiated segment due to
vas odilatation.

Human Tolerance Limits for Microwaves

Determination from first princlples of power density limits for continu-

ous exposure has been difficult. Current approaches in the U.S.A. take into

consideration only the thermal factors. For continued or interrupted expos-

ure of the body beyond several minutes duration, one can estimate an approxi-

mate limit of power density when only tl_e gross volun_e heating effect is con-

sidered (6Z, 66). The steady-state temperature elevation depends on the

ratio of irradiated part of the body surface to total body surface and will

increase with the area of irradiation. This means that a power density of

about 0. 3 watts/cm 2 must result in a temperature rzse of more than loC if

the area irradiated beyond several minutes is larger than i00 cm 2. If lin-

earity is assumed between tolerance flux figure and ratio of nonirradiated to
irradiated body surface, a figure of 0.03 watts/cm 2 may be found dangerous

if at least half of the body (i.e., about 1 m Z) is exposed. Average heat dis-

sipation under normal circumstances is about 0.005 watts/cm 2. This figure

1 -II



is based on an energy uptake in form of food of 3000 Kcal per day_ an efficiency _i__ '" '

of somewhat below 30 percent and a body surface of about 2 m 2. Only under / _

unusually fortunate circumstances is the body surface able to handle tenfold

higher heat flux figures. However, double the above rate seems well within

the capacity of the human body. This means that it [s permissible to develop

inside the human body an additional amount of energy which corresponds to

0.005 watt/cm 2, averaged over the total body surface. In vlew of the fact

that the shadowing factor limits exposure to half of the body surface, a figure

of 0.01 watt/cm 2 absorbed energy appears as tolerable and is, therefore,

suggested as a tolerance dosage (62, 66). This value should not be exceeded

except under unusual circumstances, where cooling efficiency of body surface
is excellent.
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One must also consider short time exposure to very high intensities where

heat flow _s not very effective, i.e., whenever time of exposure is small com-

pared with the tzme constants which characterize heat exchange in the human

body. If temperature elevation of more than l°C is considered intolerable in

the case of total body irradiation, 0. 3 watt minutes/cm 2 can be calculated as

the limiting value. Since depth of penetration of radiation decreases with

increasing frequency, this figure should be replaced by higher values at fre-

qu_encies below 1000 MHz and by lower values above 3000 MHz, the adjust-

ment for heating of the skin makes the exact nature of this adjustment quite
uncertain.

If 0.01 watt/cm 2 for long time exposure and 0. 1 watt hour/cm 2 for

short exposures are not to be exceeded in case of total body exposure, the

following tolerance levels for specific frequency ranges can be deduced:

For microwave frequencies below 500 MHz

with a coefficient of absorption of about 30 to

40 percent, true deep heating is possible. An

incident energy flux of less than 0. 03 watt/cm 2

can probably be tolerated.

For frequencies from i000 to 3000 MHz with

possibly complete absorption by skin, subcu-
Z

taneous fat, and deep tissues, 0.01 watt/cm

may be considered tolerable.

For frequencies in excess of 3000 MHz which

are absorbed in the surface of the body with a

coefficient of absorption of airborne energy of

40 to 50 percent and excellent heat dissipation

from surface structures, a power density level
of 0. 2 watt/cm 2 should be tolerable but this zs

the least certain of these predictions.

The above analysis assumes that heat development occurs more or less

uniformly through the total medium (volume heating). However, local

heating at a subcellular level may present specific heating effects in the

degradation of cellular function. There is as yet no specific evidence for

I -12
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such a local thermal effect (61). The above analysis also reflects tolerance

limited by heating of the skin and peak power factors from pulsed microwaves.

In view of the above analysis, and the data of Figure I-7, the most

common power density standard for maximum continuous total body exposure

of humans to any wavelength has been 10 mW/cm 2 (66). More recent evalua-

tion by the U.S.A. Standards Institute has resulted in a proposed standard

for exposure of any time duration as (81): "For normal environmental con-

ditions and for electromagnetic radiation of frequencies from I0 to I00, 000

MHz the radiation protection guide is I mW hr/cm 2 in any 0. I hour period.

This means: (a) 10 mW/cm 2 for periods of 0. 1 hour or more or (b) l mW

hr/cm 2 for periods up to 0. 1 hour. In the case of pulsed fields, the radia-

tion should be averaged over complete trains of pulses, including intervals

between pulse trains. "

The recent USAF extrapolation of these standards reads (80):

Exposure of personnel withln limited occupancy

area Is permitted only for the length of time given

by the following equation:

6000

TP = W--_--

Where: Tp = permissible time of exposure in minutes during

any l-hour period.
2

W = power density in area to be occupied in mW/cm
2

The above equation is applicable only to power densities between 10 mW/cm
and 100 mW/cm 2. (See Figure i-8 for graphic presentation). It is not

feasible to control limited exposures of less than 2 minutes and consequently

this formula should not be applied to intensities over 55 mW/cm 2.

The U. S. Navy Standards adds to the 10 mW/cm 2 level the fact that

incident energy level should not exceed 300 millijoules per sq. cm. per 30

second interval (7).

Calculation of power density levels at any point in a radar beam should

follow USAF recommendations (79, 80). An adequate estimate of safe expos-
ure below 10 mW/cm with stated limitations can be obtained from Table I-9

(49).

The differences between these various recommendations are relatively

minor and have as yet not been unified by any slngle government standard. In

emergency situations where the above limits must be exceeded for emergency

operatlons, it is suggested that an anti-microwave suit be used (54). Reduc-

tion of body temperature by exposure to a cold environment will also decrease

thermal hazards of exposure.

The Soviet limits of safe exposure are more than one order of magnitude

less than the U.S. levels.

!
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Permissible Exposure Time
6000

T
o W2

EXAMPLE:
KNOWN: Power density = W = 25 mw/cm 2

Tp = 6000 = 6000 = 9.6 min

(25) 2 625

(After AFM 161-7 (80))

Permissible exposure time may be obtained by use of
figure•
Known bower density = 25 mw/cm 2.
Enter figure on vertical axis at 25 mw/cm 2.

Follow horizontal entry ine to intersection of curve.
Project vertical line from intersection to horizontal axis,
Read approximately 9.6 minutes.

Table 1-9

Safe Distance Formulas

r

.-..... •

:], ;,: _

.S

- - . , "...

=..

"... _ , .

l -14

If Average Power Safe Distance in Feet Is:

in Watts (_') Is:

Less than 3D 2 SAFE

Between 3D 2 and

5.8D Z

Over 5. 8D 2

2.85W

Wave length in cm,

6.85 D_

Wave length in cm.

Chart applies to pencil-beam radar with parabolic or

microwave lens antenna of diameter D feet.

Safe distances based on power density of . 010 watt/
2

Cm .

(After Overman (49))



• In the case of irradiation d_ring the entire working day -
no more than 0.01 mW/cm _.

• In the case of irradiation for no more than two hours

per working, day - no more than 0. l mW/cm 2.

• In the case of irradiation for no more than 15 to 20

minutes per working day - no more than I. 0 m_A_/cm 2

(In this case, the use of protective goggles is mandatory).

No adequate data supporting such low levels are available (47). The

vague ':asthenia" syndromes reported above may have been a factor (16, 17,

18, 35, 46) as were the nonthermal neural effects seen in animal studies (15).

No formal limits have been set for electromagnetic fields below 10 MHz

(61). No limits have been suggested for unusual situations where strong

magnetic fields are present with weak electric fields and vice versa.

ii_ 'i_•i̧ _

Microwave Cross-Section of Man

The microwave cross-section of man is a microwave parameter which

may be of value in such operatlons as search and rescue. Unfortunately,
there are no data available on man in a pressure suit, especially an alumin-

ized suit. Data are available on the monostatic and bistatic radar cross

sections of a 200 lb man at 410, llZ0, 2890, 4800, and 9375 MHz (58). The

measurements were made with a cw Doppler technique using both horizontal

and vertical polarizations and for various facing aspects. Figures I-I0 to

1-14 present the data from several points of view.

The cross sections vary from 0. 33 to 2. 33 square meters, with the

extremes at 410 mc; the smaller for horizontal polarization at side view and

the larger for vertical polarization at rear view. The cross section is least

for side view, and somewhat greater for rear than front view. As expected,

there is a general decrease in polarization dependence as the frequency is

increased. The mlcrowave cross sectlon is approximately proportional to the

weight of man. The theory of microwave cross sections in biological systems

is available (1).

Microwaves and Ionizing Radiation

The generation of microwaves at high power levels causes production of

pulsed X-rays (13). Magnetrons, klystrons, and traveling wave tubes are

the primary source of the radiation. It is recommended that shielding of

these sources and operational procedures be instituted to keep human expos-

ure to levels below those recommended in the Ionizing Radiation, INo. 3).

Subtle changes resulting from microwave exposure have been shown to

alter the response of animals to 1onlzing radiation. Prior exposure to Z800

MHz microwaves increased the LD50 for X-rays in several species of animals

144, 51, 76, 77) and decreased specific symptoms and lethality in dogs after

l -15
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x-irradiation of the head (44). Simultaneous exposure decreased resistance

to the x-lrradiation. The specific effects of frequency, microwave, and

X-ray doses and dose rates, and temporal separation of the two radiation

modes have not yet been adequately determzned, nor has the significance of

this synergism been established for-human exposure.

--o.

REAR VIEW • 410 MHz

• H20 MHz
=2890 MHz

_ A4800 MHz
"9375 MHz

\

\,
CROSS- SECT10N

SQUARE METERS

VERTICAL PCX.ARIZATION HORIZONTAL POLARIZATION

FRONT VII_W

Figure 1-11

Average Relative Bistatic Radar Cross Section of a Man
as a Function of Target Aspect Angle, with Frequency
and Polarization as Parameters.
(The Curves Are Normalized with Respect to the Radar
Cross Section of the Front Aspect.)

(After Schultz et al (58))
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Figure 1-10

Average Bistatic Radar Cross Section of a Man as a
Function of Target Aspect Angle, with Frequency
and Polarization as Parameters.

(After Schultz et al (58))

REAR VIEW
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Figure 1-12

Average Bistatic Radar Cross Section of a Man as a Function of Bistatic
-Angle, for Horizontal Polarization with Frequency as a Parameter.

(After Schultz et al 15811
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Figure 1-13

Average Bistatic Radar Cross Section of a Man as a Function of Bistatic
Angle for Vertical Polarization with Frequency as a Parameter.

(After Schu tz et al (58))
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Figure 1-14

Average Radar Cross Section of a Man as a Function of Frequency with
Polarization as a Parameter.

(After Schultz et al (58))
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